As part of the ARK-XXII/2 Polarstern expedition in summer 2007, dissolved Ba was analyzed in the Eurasian Basins and the Makarov Basin including the Alpha and Mendeleyev Ridges as well as on the adjacent shelves. The data was compared with data of dissolved Al and Si from the same cruise. Superimposed on the gradual increase of concentration with depth by dissolution of the particle rain, we observe different flow patterns in intermediate waters along the track. In the Atlantic and Intermediate Depth Water (AIDW) in the Amundsen Basin the influence from Eurasian shelf water can be seen in slightly enhanced concentrations of dissolved Ba compared with Al and Si. At the same time Al concentrations decrease with distance from the Eurasian shelves. Source waters to the Atlantic Layer Water (ALW) in the Makarov Basin have the same background Ba concentrations as the Nansen AIDW. We describe the distributions of the elements in the Deep Eurasian and Bottom Water (DEBW) by deep shelf convection as well as diffusion from sediments controlling concentrations in the Nansen DEBW while in the Amundsen DEBW diffusion from sediments appears to be more important. In the Makarov Basin inflow from the Canadian Basin and overflow from the Amundsen Basin at 2000 m depth at the Lomonosov Ridge are required to explain the composition of bottom waters.
Introduction
The Arctic Ocean covers an area 9.6·10 6 km 2 (Serreze et al., 2006) corresponding to 5 % of the world oceans but only 1.5 % in volume (Guay and Falkner, 1998a) . One third of this area contributes to the shelf seas. About 10 % of the world's river discharge flows into the Arctic Ocean making it one of the most important estuarine systems (Aagaard and Carmack, 1989; Dickson et al., 2007) . These contribute to the fresh surface layer of the Arctic Ocean. This Surface Mixed Layer with temperatures close to the freezing point of seawater is overlying a strong cold and low salinity halocline (Aagaard et al., 1981) , which is maintained by waters advected from the shelf seas. Processes on the shelves modify the properties of source waters and altered tracer fields provide the means to determine both the nature of shelf processes and to deduce mean circulation of the Arctic (Abrahamsen et al., 2009; Falkner et al., 1994b; Rutgers van der Loeff et al., 2003; Rutgers van der Loeff et al., 1995) . Shelf waters exert a strong influence on the structure of the Arctic halocline through their role in distributing freshwater between the Arctic basins (Abrahamsen et al., 2009; Steele and Boyd, 1998) .
The largest freshwater inventory is found in the upper 300 m of the Canadian Basin (e.g. Yamamoto-Kawai et al., 2008; Rabe et al., 2011) . Atlantic waters entering the Arctic Ocean via the West Spitsbergen Current and Barents and Kara Seas are forming a boundary current modified by shelf processes. One branch of this halocline water crosses over the Lomonosov Ridge while another branch flows along the Lomonosov Ridge in the Amundsen Basin towards the Fram Strait Rudels et al., 2000) . Atlantic waters may be identified in a depth of 150 to 600 m throughout the Arctic Ocean by a temperature maximum. Pacific water entering the Arctic Ocean through Bering Strait contributes to the surface and halocline waters of the Canadian Basin . The halocline may be divided into an upper and a lower halocline using salinity and nutrients. Salinities of 32.5 to 33.5 and a nutrient maximum imprinted in the Chukchi and East Siberian Seas characterize the Pacific origin of the upper halocline (Jones and Anderson, 1986; Jones et al., 1991; Kinney and Burrell, 1970; Moore et al., 1983; Morison et al., 1998) . Pacific waters of winter origin tend to enter the interior Arctic below the upper mixed layer because they are generally more saline (Weingartner et al., 1998) . The water column of the Makarov Basin and surface waters of the Amundsen Basin are influenced by Pacific inflow Rudels et al., 2000) . The lower halocline is formed on the shelves of the Barents and Kara Seas (Jones and Anderson, 1986; Jones et al., 1991) and is characterized by salinities of 34.2 to 34.4 and a pronounced NO minimum (Broecker, 1974; Jones and Anderson, 1986) . These waters are divided further on into a Barents Sea branch halocline and a Fram Strait branch halocline (Rudels et al., 2004) . While the lower halocline is observed throughout the entire Arctic Ocean the upper halocline is primarily restricted to the Canadian Basin (Jones and Anderson, 1986; Jones et al., 1991) . Underneath these halocline waters intermediate waters down to about 2000 m as well as deep and bottom waters are located. Bottom waters are influenced by dense water convecting down the slopes after formation on the shelves Rudels et al., 2000) . Waters carrying a terrigenous signal were suggested to be formed by boundary processes at the edges of Arctic shelves and sinking particles (Moore and Dymond, 1991; Moran and Moore, 1991) . Diffusion from particles of the Barents and the Kara Seas as well as diffusion from the underlying sediments are important sources. These particles are transported here by convection of dense shelf-derived water into the basins. This water is formed by sea ice formation, brine rejection, and dense water formation in Barents and Kara Seas (Rudels et al., 2000; Rusakov et al., 2004) . Water convecting downwards mixes with the boundary current (Rudels et al., 2000) and picks up more sediment (Moran and Moore, 1991) contributing to concentrations of Ba and other trace elements by partial dissolution of these particles. Slope convection is highest at Severnaya Zemlya (Rudels et al., 2000) . By comparing δ
18 O values Bauch et al. (1995) show that the main source regions for the Deep European and Bottom Water (DEBW) are the Barents and Kara Seas since only these do not have a considerable river-runoff inventory while the source regions for Deep Makarov and Makarov Bottom Water (DMBW) lie on the eastern shelves.
We know many aspects of hydrography but we still have major gaps in our knowledge especially in the circulation of deep water and in the formation of deep water from entrained shelf waters. Ba is known to be supplied by rivers. The Ba content in the rivers on the Canadian side (Mackenzie) is much higher than on the Siberian side. Ba is used by various authors, together with salinity, δ 18 O, nutrients (and potentially other river-supplied components), to distinguish fresh water sources in the Arctic (Abrahamsen et al., 2009; Falkner et al., 1994b; Guay and Falkner, 1998b; Guay et al., 2009; Taylor et al., 2003) . This will be discussed in detail in a parallel paper on surface waters (Roeske et al., submitted) . More generally, and similar to Radium, Ba in the open ocean can be regarded as a tracer of shelf waters (Moore and Dymond, 1991; Moore and Shaw, 2008; Rutgers van der Loeff et al., 1995) . Potentially, Ba could therefore be expected to trace any shelf-derived signals into the deep ocean. This is comparable to a recent paper by Middag et al. (2009) where the distribution of Al in deep waters of the Arctic Ocean was interpreted in the light of deep water formation. Here we investigate relationships between Ba, Si, and Al in an attempt to distinguish between signals produced by the regeneration of sinking particles and signals derived from entrainment of shelf waters. Moreover we investigate whether the relationships between Ba, Si and Al differ between water masses and between the various deep Arctic Basins, and whether these differences can help us to infer deep water circulation and shelf water inputs.
Methods
The methods following Falkner et al. (1993) are described in detail in Roeske et al. (submitted) . While in that paper we concentrate on surface water concentrations, here we describe full depth profiles excluding the surface layer. Water samples were collected during Polarstern expedition ARK-XXII/2 in summer of 2007. The sampled area reaches from the Barents Sea to the Nansen Basin to the Kara Sea and then to the Makarov Basin and finally the Laptev Sea (Schauer, 2008) (table 1, fig. 1 ). There were 40 vertical profiles with about 450 samples for Ba, using an ultra-clean Titanium-rosette with 12 L bottles from Royal NIOZ (De Baar et al., 2008) . 15 ml LDPE bottles were used to collect samples for Ba. The bottles were pre-rinsed thrice with the water to be sampled. Unfiltered samples were acidified with 30 µl quartz distilled HCl and afterwards tightly sealed with parafilm and stored at room temperature. An additional set of filtered samples was analyzed in 2009 from samples archived by the NIOZ team.
Ba was analyzed using an isotope dilution procedure (Falkner et al., 1993; Guay and Falkner, 1998b; Klinkhammer and Chan, 1990 ) and then measured with a ThermoFinnigan Element2 high resolution sector field inductively coupled plasma mass spectrometer (SF-ICP-MS). ASpex Industry) was calibrated using commercial ICP-MS standard solutions (Spetec® single element Ba for ICP-MS and NIST standard reference material® 1643e). Aliquots of 500 µl were spiked with this 135 Ba-enriched solution to obtain a 138 Ba/ 135 Ba ratio between 0.7 to 1 to minimize error propagation (Klinkhammer and Chan, 1990 ) and diluted hundredfold using 18.2 MΩ water. Spiking and dilution were done gravimetrically. About 1 ml of the samples were introduced via autosampler (~200 µl/min uptake) to a micro-concentric Teflon® nebulizer and an Apex® Q quartz desolvation chamber. The SF-ICP-MS was operated in peak jump mode and data were accumulated in three 20 s intervals for masses 135, 137, and 138. The SF-ICP-MS was operated in low resolution mode (Δm ~300). A three minute wash-out with 1 M double distilled HNO 3 was followed by a 90 sec. take-up time to make memory effects negligible. A blank and a monitor for mass-bias correction (Canadian certified reference material CRM NASS-5) bracketed every five samples. In addition, in every tray of 19 samples at least two standards were included to check consistency. Random repeats of two samples were also done in each run. Samples were analyzed twice. If duplicates varied by more than the calculated maximum method error, samples were prepared and analyzed anew. Sensitivity of the SF-ICP-MS resulted in about 200000 cps 138 Ba in samples of Atlantic background. Blanks always were below 2000 cps being usually below 1000 cps. An interlab analysis (with three additional labs) to test the accuracy, using various standard materials (SLRS-3, 4, 5, OMP, Spetec® single element Ba for ICP-MS, NIST standard reference material® 1643e) as reference for the calibration of the 135 Ba standard is described in Roeske et al. (submitted) . Similar to Taylor et al. (2003) , who discovered problems with the stoichiometry of the starting salts of commercial BaCO 3 standards and thus used archived GEOSECS standards, there was a systematic offset between results of commercial standards and natural standards as absolute reference. Our data, as those of Roeske et al. (submitted) , rely on calibration using commercial standards (Spetec® single element Ba for ICP-MS, NIST standard reference material® 1643e), checked by data from a procedure used for almost all published data on dissolved Ba in the Arctic (cf. Falkner et al., 1993; Guay and Falkner 1998b; Taylor et al., 2003; Abrahamsen et al., 2009 ).
Ba concentrations were calculated following Klinkhammer and Chan (1990) : (1) where R m = ratio measured, R nat = the naturally occurring 138 Mass discrimination, called "mass bias'', is derived by a method used by Freydier et al. (1995) by measuring the masses 135, 137, and 138 of a natural Ba solution (Canadian CRM NASS-5). It follows a linear law following eqn. 2:
(2) where R m = measured isotopic ratio, R t = true value of this isotopic ratio, n = number of mass units between the two isotopes, and α = unitary mass discrimination. The recommended point and discrimination line is also given by Freydier et al. (1995) .
Calculated maximum error of the method always was below 3 %. Precision of repeated analyses of samples and standard solutions was within 1.5 % (1-σ (Schauer, 2008) .
Elemental dissolved aluminium data were acquired using a method modified after the method by Resing and Measures (1994) . Inorganic nutrients were determined by standard procedures (Grasshoff et al., 1983) . In the following the mentioned silicate concentration is equal to the elemental concentration of Si in seawater. ^details are given in Middag et al. (2009) .
Figures were created using the Ocean Data View software (Schlitzer, 2010) .
Results
An overview of the elemental dissolved Ba distribution along the sections is seen in figs. 2 to 4. All Ba data are available in the Pangaea data base (Roeske et al., 2011) . To place the Ba sections in their hydrographic context, we refer to Schauer et al. (2008) with regard to salinity and temperature and we refer to Middag et al. (2009) with regard to dissolved Al and Si. In all sections Ba concentrations of about 41 to 45 nM show the Atlantic origin of water masses. This lower halocline water reaches the surface in all sections. In the Amundsen and Makarov basin of section C upper halocline waters with Ba from 45 to 48 nM overlay the lower halocline water ( fig. 3 ). On top of the upper halocline water and on the edge of the Laptev shelf ( fig. 4 ) a layer of fresh water with high concentrations of Ba is seen (Roeske et al., submitted) . In all basins the nutrient-like distribution of Ba is obvious. Concentrations in DEBW are slightly higher than in DMBW.
Concentrations of Ba in the upper 150 to 200 m are strongly influenced by river water, sea ice melt, and bioactivity (Aagaard et al., 1981; Roeske et al., submitted; Steele and Boyd, 1998; Yamamoto-Kawai et al., 2008) (cf. fig. 3 ). This water mass is referred to as Surface Layer Water (SLW). The average depth of the core of the Atlantic layer determined by the temperature maximum is 150 m. This depth goes down to 300 m in the Makarov Basin and parts of the Amundsen Basin. Correlations between dissolved Ba, Si, and Al are done here from that depth onwards to exclude the varying contributions from rivers, Pacific inflow, ice melt and biological activity at shallower depths. The depths from the temperature maximum to constant temperatures at about 2000 m (cf. Anderson et al., 1994) will be referred to as Atlantic and Intermediate Depth Water (AIDW). These waters include the Atlantic Layer Water (ALW) from about 150 to 600 m and the underlying Arctic Intermediate Water (AIW). In waters below 2000 m we find the Deep European Water and the Bottom Water which we denote together as DEBW (Rutgers van der Loeff et al., 1995; . The depth taken is the depth of nearly constant potential temperature which is from -0.85 °C onwards (Middag et al., 2009 ) except for the Makarov Basin and the Lomonosov, Alpha, and Mendeleev Ridges where the potential temperature chosen is -0.50 °C because temperatures are higher in DMBW.
Section A
Section A ( fig. 2 ) consists of 8 profiles with four being in the Barents Sea (~200 m), two at the shelf break and two in the Nansen Basin (~4000 m). Also results from section B are given in this figure (see below).
The southernmost stations in the Barents Sea have temperatures ranging from 4.33 to 6.56 °C. Salinity is from 34.75 to 35.06, clearly indicating its Atlantic origin. These waters are depleted in nutrients. Temperature and salinity decrease towards the north as waters are mixed with melting sea ice and river water from the Barents Sea. Over the Barents Sea halocline waters are formed by modification of inflowing Atlantic water (Rudels et al., 2004) .
Concentrations of Ba range from 30.3 to 49.6 nM. They are lowest in surface waters north of Spitsbergen and in the Barents Sea, starting to rise from 500 m downwards with maximum concentrations at the bottom. In the AIDW concentrations rise from 42.3 to 47.3 nM. In DEBW concentrations rise from 47.5 to 49.6 nM. One sample at station 258 at 2200 m depth overlaps with concentrations of the AIDW but this is within errors (46.7 nM).
While on the shelf and in the SLW there is no correlation with Al and Si, below about 150 m in the Nansen Basin there is (fig. 5, tables 2 & 3). The slopes and intercepts of the regression lines of Ba vs. Al for the Eurasian AIDW and the Nansen DEBW vary only slightly ( fig. 5a ). The same is true for Ba and Si only in the AIDW. The Ba:Si regressions slopes of the Nansen DEBW are higher by a factor of 3.9 in section A compared with the Nansen AIDW ( fig. 5b ).
Section B
Section B only consists of four profiles of which two were close to each other as they were part of a test between the ultra-clean and the normal Rosette cast (see above). In addition there are two surface samples. Data of this section are discussed in combination with section C.
Section C
Section C consists of 17 profiles from the Kara Sea to the rim of the Canadian Basin just south of the Alpha Ridge. This is the largest section crossing the Nansen Basin, the Amundsen Basin, and the Makarov Basin. There is one profile above the Gakkel Ridge, one above the Alpha Ridge, two above the Lomonosov Ridge and one (station 349) on the Mendeleyev Ridge. Intermediate and deep water samples from the Nansen Basin, Amundsen Basin, and Gakkel Ridge are referred to as Eurasian AIDW or DEBW, respectively. Samples from AIDW of the Lomonosov Ridge, the Makarov Basin, the Alpha Ridge, and the Mendeleyev Ridge are referred to as Canadian AIDW.
In surface waters of the eastern shelf break area of the Kara Sea (Section C) temperature ranges from -1.80 to -1.40 °C and salinity from 30.60 to 33.53, which is not very different from surface waters of the Nansen Basin. In the area of the Kara shelf break (Sections B and C) there is no horizontal gradient seen in temperature and salinity like on the Barents and Laptev Sea shelves (sections A and D, respectively), as data from the shelf itself are missing. This is the region where the Barents and Kara Sea branch of the Atlantic water is leaving the shelf at the St. Anna Trough (Rudels et al., 2004) . In the area of the western Kara Sea shelf break, temperature ranges from -1.69 to -1.32 °C (close to freezing temperatures) in surface waters, salinity is from 32.70 to 33.89, with nutrients being depleted only in the upper 20 m.
In this section Ba concentrations not only rise with depth but also in surface waters upon crossing the Lomonosov Ridge into the Makarov Basin. Concentrations in the Eurasian Basins range from 41.4 to 51.6 nM (apart from one exceptionally high value of 52.7 nM in the deep water just below the Kara Sea slope on the Eurasian side). After crossing the Lomonosov Ridge, we found values up to 68 nM in the upper 200 m of the Makarov Basin. Below this layer concentrations equal those on the Eurasian side but bottom concentrations are lower by about 1 to 2 nM in the DMBW with maximum concentrations of 49.6 nM ( fig. 3) . At the shelf break of section C, station 285 shows higher Ba concentrations than away from the slope in the Nansen Basin ( fig.  3 ). In addition Ba is enriched compared to Al and Si at station 285 ( fig. 6 ). Compared to surface water, concentrations rise with depth by 5.9 to 6.1 nM in the Eurasian AIDW and 5.9 nM in the Makarov AIDW until 2000 m depth. Over the Alpha and Mendeleyev Ridges Ba concentrations rise by 3.4 and 1.9 nM respectively until 1500 m depth. In the DEBW concentrations rise by 2.3 to 3.3 nM, in the DMBW by 1.2 nM.
In the Nansen Basin correlations with Al and Si are similar to sections A & B (fig. 5).
The Ba:Si regressions show again the remarkable change at about 2000 m: slopes of the Nansen DEBW are higher by a factor of 5.5 in section B & C compared with the Nansen AIDW ( fig. 5b) . Station 285 at the slope of the Kara Sea is not used for regression analyses in the Nansen Basin as will be discussed below.
The data in the Amundsen Basin is sparse resulting in larger errors in regression analyses ( fig. 6, table 3 ). It is not useful to make separate analyses of data of the Amundsen DEBW alone. Ba:Si data scatter around the Nansen DEBW regression line.
In the Makarov Basin we see a different picture ( fig. 7 ). In the Makarov AIDW Ba concentrations are comparable to the Eurasian AIDW but Al concentrations are significantly lower below the ALW resulting in a Ba:Al regression slope higher by a factor of 1.5 compared with the Eurasian AIDW. Ba:Al data of DMBW are close to the extrapolated regression line of the Amundsen AIDW ( fig. 6a ) and thus significantly different from the Makarov AIDW. Ba:Si data of the DMBW have a slope of 2.6 similar to 2.7 found in the Nansen DEBW of section A ( fig. 5b ) but concentrations of Si are an average of 1.1 µM higher in the Makarov Basin.
Section D
Section D consists of 9 profiles with two being on the Laptev Sea shelf, one at the shelf break and the other 6 following the Gakkel Ridge.
The southernmost station in the Laptev Sea shelf had a surface salinity of only 29.09 and a surface temperature of 0.43 °C, as well as lowest values of nutrients. At the shelf break (stations 402 and 403) nutrients are no longer depleted at the surface. Temperature is close to the freezing point at -1.62 °C and salinity 30.75. Overall, a pronounced decrease in temperature and increase in salinity can be seen from south to north in surface waters of the Laptev Sea.
Ba concentrations range from 37.9 up to 96.6 nM in waters of the Laptev Sea shelf and from 42.6 to 50.3 nM in the Eurasian Basins (at station 373 concentrations up to 52.6 nM are found in surface waters). Concentrations increase with depth until the seafloor. Concentrations rise with depth by 5.4 nM in AIDW and by another 2.3 nM in the DEBW comparable to sections A, B, and C.
Travelling along the Gakkel Ridge Ba:Al and Ba:Si correlations are similar to the Amundsen Basin of section C ( fig. 6, tables 2 & 3) . As already seen in the Amundsen DEBW of section C, Al and Si distributions may be decoupled here from Ba. Ba:Si data scatter close to the Nansen DEBW regression line as seen above for the Amundsen DEBW ( fig. 6b ).
Discussion
One of the earliest work on dissolved Ba in the water column of the Arctic Ocean has been part of the GEOSECS program (1972/ 1973) and is presented by Chan et al. (1977) . Since then, many work on Ba in the upper 200 m of the Arctic Ocean was done but only few publications on dissolved Ba in the whole water column do exist (e. g. Falkner et al., 1994a) . Dissolved Ba, Al and Si are correlated well in most basins but their corresponding regression lines differ between basins dependent on the sources of these elements to the Arctic Ocean ( fig. 6 ). This allows us to identify different water masses and speculate on their sources.
Surface waters
Distribution of Ba in the SLW is highly influenced by large input of Ba-rich riverine water in combination with a strong stratification down to 150 m (Falkner et al., 1993; 1994b; Guay and Falkner, 1998b; Roeske et al., submitted) . Below that depth we find the temperature maximum identifying the core of the incoming Atlantic water. Highest Ba concentrations are seen in the upper water column of the Makarov Basin as well as in bottom waters of the Laptev Sea shelf ( figs. 3 & 4) . Because of strong stratification, Ba of the SLW is not mixed vertically but transported laterally within the upper layer and thus high concentrations do not influence lower waters except in regions of high productivity and export which are usually found on the shelves (Abrahamsen et al., 2009; Arrigo et al., 2008; Cai et al., 2010; Falkner et al., 1994b; Roeske et al., submitted) .
Nansen Basin
The similar regression lines between Ba, Al and Si in the Nansen AIDW of sections A to C bring evidence of equivalent processes in these waters ( fig. 5, tables 2 & 3) . Uptake of Ba in diatoms has been investigated by several authors usually together with Si and P (Collier and Edmond, 1984; Dehairs et al., 1980; Fisher et al., 1991; Ganeshram et al., 2003; Sternberg et al., 2005) . The slopes of 0.33 to 0.35 mol/mol of the Ba:Al regressions in the Nansen AIDW are in the range of data presented by Collier and Edmond (1984) for bulk plankton (0.06 to 0.55, av. 0.37) and also are in the range of 0.11 to 0.34 in zoo-and micro-plankton at Hawaii (Martin and Knauer, 1973) . Regarding Si, our Ba:Si slopes of 0.73 to 0.78 mmol/mol are in the very wide range of 0.017 to 1.4 for bulk plankton presented by Collier and Edmond (1984) , too.
We are not aware of published ratios of Ba:Al and Ba:Si in diatoms in the Arctic Ocean.
The Nansen AIDW of section A is influenced least by waters other than Atlantic water. The depth of the core of the Atlantic layer determined by the temperature maximum is 200 m here. Concentrations of Ba, Al, and Si at this depth are chosen as their Atlantic source concentrations. This results in an Atlantic source concentration of 42.5 nM Ba, equal to the Atlantic end-member of Ba used in solving the mass balance equations to distinguish the sources of meteoric water to the Arctic Ocean on this cruise (Roeske et al., submitted) . The Atlantic source concentration of Si is 5 µM and that of Al is 4.3 nM. Ba and Al are depleted in the surface mixed layer (SML) of the Nansen Basin in an average ΔBa/ΔAl ratio (see eqn. 3 below) of 0.32 mol/mol. This is found by calculating
where indices a refer to the estimated concentration of the Atlantic water (see above) and indices s refer to the average concentration in the SML (cf. Jeandel et al., 1996) . ΔBa/ΔSi in the SML of the Nansen Basin is 0.25 mmol/mol. While depletion of Ba and Al occurs at the same atomic ratio as regeneration seen in the slopes of the regression lines (table 2) this is not true for Ba and Si where the ΔBa/ΔSi ratio in the depletion is lower by about a factor 3 than the regeneration (table 3) . Because Al and Si are always nearly depleted by biological production in the SML the ΔBa/ΔAl and ΔBa/ΔSi ratios strongly depend on processes removing Ba. The same calculation on surface samples of the Barents Sea results in 1.4 to 3.4 mol/mol ΔBa/ΔAl and 1.1 to 2.5 mmol/mol ΔBa/ΔSi. Apparently, the higher biological productivity above the shelves (Arrigo et al., 2008 ) causes a deeper Ba depletion in shelf surface waters then offshore. We see that particles produced by the higher productivity on the shelves may be a source for Ba to deep waters compared with Si and Al. But the regression slope of Ba:Si in the Nansen DEBW is still about twice as high as the ΔBa/ΔSi in the Barents Sea. Hence an additional source of Ba to the DEBW is needed. Release from resuspended sediments of the Barents Sea or particles of terrigenous origin may be this source. Moreover, because ΔBa/ΔAl on the shelf is up to ten times higher than regression slopes in the DEBW, only if particles also enhanced in Al contribute to the DEBW, we receive the observed lower slopes of the Ba:Al regression lines. This strengthens the hypothesis by Middag et al. (2009) that an additional source for Al to the DEBW is needed to explain Al enrichment. The dominant process is assumed to be downward convection of particles from the shelves, especially alumino silicates of terrigenous origin (Middag et al., 2009) . Using a simple model Middag et al. (2009) show that if only 2 % of the dissolving particles are terrigenous particles, this is sufficient to explain the higher regression slopes of Al:Si in the Nansen DEBW.
In the Nansen DEBW of section A the slope of Ba:Si is 3.8 times higher than in the AIDW and it is about a factor of 5. , 1995) . Below 2600 m in the Nansen Basin water is renewed on a timescale of 150 to served Al maximum several hundreds of meters from the sediments (Middag et al., 2009) we believe it to be unlikely that this larger regeneration of Ba and Al is caused by higher diffusion of Ba and Al from the bottom sediments (Middag et al., 2009 ). This therefore points to influence from the Barents Sea on the deep Nansen Basin north of Severnaya Zemlya as suggested previously (Moran and Moore, 1991; Rudels et al., 2000; Rusakov et al., 2004) .
At station 285 close to the Kara Sea Ba concentrations are higher compared to the following stations in the Nansen Basin ( fig. 3) . Ba concentrations are also higher than expected based on the regression with Al and Si ( fig. 6 ). On a Theta-S diagram ( fig.  8 ) we see that below 200 m samples at this station resemble more the lines from the Amundsen Basin. This is distinct from the Theta-S characteristics farther offshore in the Nansen Basin typical for the Fram Strait branch of the Atlantic inflow. We conclude that at station 285 we sampled waters that are not actually Nansen Basin AIDW, but actually Barents Sea-derived lower halocline water. The enhanced Ba concentrations in this shelf-influenced Atlantic water explain the higher Ba concentrations compared with Al and Si in the AIDW of the Amundsen Basin and Gakkel Ridge area (see below, figs. 3, 6). Because of the deviating water mass characteristics, station 285 is not used in correlations of the Nansen Basin.
We conclude that the chemical signature of Nansen DEBW is the result of regeneration of particles with different origins: particles from the surface ocean, Ba-enriched particles from shelf production and Al-rich terrigenous particles. Because particles of the latter two sources are both transported to the DEBW by the same water mass convecting down the slope we find a good correlation between Ba, Al, and Si. A conceptual model to visualize how we interpret the various deep water flows and processes in the Nansen Basin is presented in figure 9a . The elemental concentrations in the Nansen Basin give a consistent picture, based on circulation of Atlantic water and additional Ba, Al, and Si sources in the deep water that are probably derived from shelf sources. The situation gradually changes from the Nansen Basin to the Amundsen Basin to the Lomonosov Ridge and to the Makarov and Canada basins. We will use these changes to infer the different sources of intermediate and deep waters in these basins.
Amundsen Basin and the Gakkel Ridge area
The oldest waters on the Eurasian side of the Lomonosov Ridge are circulating in the Amundsen Basin (Jones et al., 1995) . Ba:Al and Ba:Si slopes of the Amundsen AIDW are slightly lower and intercepts are higher than in the Nansen AIDW due to slightly higher concentrations of Ba in the Amundsen ALW towards the Lomonosov Ridge ( fig. 3 ) while at the same time Al concentrations are lower with increasing distance from the shelf (Middag et al., 2009 ). This fits to circulation patterns suggested by other authors Rudels et al., 1994; Rutgers van der Loeff et al., 1995) . Down to about 1200 m in the Amundsen Basin 228 Ra was enhanced relative to the Nansen and Makarov Basins (Rutgers van der Loeff et al., 1995) . This is in agreement with an explanation by Anderson et al. (1994) who showed that water is colder and fresher between 600 and 1700 m, explaining this by a return flow of the Barents Sea branch of the lower halocline. The circulation of intermediate waters has been described by Rudels et al. (1994) . As discussed above, the Ba:Al and Ba:Si ratios of station 285 from the Barents Sea branch of the lower halocline are close to the regression lines in the Amundsen Basin ( fig. 6 ). This indicates inputs of the Barents Sea branch of the lower halocline to these waters.
In the Amundsen and the Gakkel DEBW Ba, Al and Si data are close to the regression line of the Nansen DEBW ( fig. 6 ). Al:Si regressions have the same slopes as in the Nansen DEBW of section A (Middag et al., 2009 ) but concentrations of Ba and Al are changing from the Gakkel Ridge to the Lomonosov Ridge. While the observed Al concentrations in the Amundsen DEBW are lower at the Lomonosov Ridge than at the Gakkel Ridge the opposite is true for Ba with highest concentrations at the bottom of the Lomonosov Ridge ( fig. 3) . Probably a longer residence time of the DEBW close to the Lomonosov Ridge allows here a stronger scavenging removal of Al. fig. 10c ). We explain this distribution by a boundary current returning from the Laptev Sea slope towards the Fram Strait Rudels et al., 1994; Rudels et al., 2000) over the Lomonosov Ridge which in the ALW is composed of waters from the Nansen Basin branch of the lower halocline. Underneath that layer the Amundsen AIDW is the source to this boundary current. The Makarov Basin shows the same distribution in AIDW seen in the Lomonosov Ridge ALW ( fig. 7 , tables 2 to 4), indicating contribution from the Nansen Basin branch of the lower halocline to these waters. Waters at the Alpha and Mendeleyev Ridges have distributions showing influence of Canadian and Pacific waters (figs. 7, table 4). These stations are positioned farthest south on the Canadian side of the expedition's track and are most likely mixed with shelf water originated at the East Siberian Sea Jones et al., 1995) . Figure 9b shows a conceptual model to visualize how we interpret the various deep water flows and processes in the Makarov Basin.
Makarov Basin and the adjacent ridges
In the Makarov AIDW the Ba:Al slope is a factor of 1.5 higher compared with the Eurasian Basins AIDW (slopes are different with p < 0.01, two-tailed t-test). While absolute concentrations of Al in the Makarov ALW reaching from the temperature maximum of the Atlantic core down to about 600 m are as high as in the Eurasian Basins AIDW at the same depth, concentrations are 30 % lower in underlying waters. Below 800 m in the Makarov Basin the water becomes warmer and more saline compared with the Eurasian Basins (cf. Middag et al., 2009) . Ba:Si slopes in the Makarov AIDW are close to those in the Nansen Basin (figs. 6b & 7b, tables 3 & 4) but Si concentrations in the Makarov Basin are higher by 0.5 to 2.5 µM compared with the Eurasian Basins except for the AIW (cf. Middag et al., 2009 ). The higher concentrations of Si might be caused by waters with considerably higher concentrations in Si compared with Ba and Al entering the Makarov Basin in the depth of the ALW and below the AIDW. These waters might be of Pacific origin or from the East Siberian Sea or Canadian shelves (Falkner et al., 1994b; Guay and Falkner, 1998b; Swift et al., 1997) . From the good correlations of Ba, Al, and Si in the AIDW we conclude that all three elements have the same source: Waters with concentrations higher in Si and lower in Al flowing into the Makarov Basin across the Mendeleyev Ridge (see below).
At the Mendeleyev Ridge the Ba:Al regression line is similar to that of the Nansen AIDW ( fig. 7a, table 4 ). The Ba:Al slopes from the data at the Alpha and Mendeleyev Ridges are not significantly different from those of the Nansen AIDW of sections B and C (p = 0.17 and p = 0.53 respectively, two-tailed t-test). Looking at the Ba:Si data though we see a regression line totally different from all others at the Mendeleyev Ridge ( fig. 7b, table 2 , slopes are different with p < 0.01 except for the Amundsen (p = 0.31) and Gakkel (p = 0.07) AIDW, two-tailed t-test). A slope lower by about 40 % gives proof of entrainment of waters with high Si concentrations in the deep water. In fact we find high concentrations of Ba as well as Si in the deepest water of the Mendeleyev and Alpha Ridges (fig. 10a) . Waters over the Alpha Ridge, being part of the Beaufort Gyre, are mixed with Pacific water as well as Canadian shelf water, raising Si concentrations another 1.5 µM. They either are not entering the Makarov Basin or are diluted. Si concentrations in the Mendeleyev ALW are close to those of the Makarov ALW. Below about 1000 m of the Alpha and Mendeleyev Ridges Si is higher by 0.9 to 1.3 µM compared with the same depth of the Makarov Basin. Comparing the DMBW and DEBW (see below) we see that Si concentrations are about 1.3 µM higher in the DMBW and these horizontal Si gradients show that the intermediate depth water from the Makarov Basin can not be ventilated directly from the Lomonosov Ridge. Instead, deeper waters containing a higher load in Si and entering via the Alpha and Mendeleyev Ridges could explain the higher concentrations in the deep Makarov Basin. Bottom waters of the Alpha and Mendeleyev Ridges entering the Makarov Basin and sinking to about 2500 m are then the source of the maximum seen in Si concentrations and probably Ba, too, at this depth (figs. 9b & 10a+b) . We assume that this water mass has its origin in the boundary current AIDW that crosses the Lomonosov Ridge close to the Siberian shelf edge at 1500 to 1700 m depth and mixes with Siberian shelf water and Pacific water close to the Mendeleyev Ridge (Swift et al., 1997) and then enters the Makarov Basin (Rudels et al., 2000) (fig. 9b ). This is in agreement with publications on Arctic circulation patterns (e.g. Jones, 2001; Jones et al., 2008; Rudels et al., 2004) .
In the DMBW we see that Ba concentrations are lower by about 1 to 2 nM compared with the DEBW (fig. 3) , Al concentrations are about 5 nM lower than in the Amundsen DEBW and even 7 nM lower than those of the Nansen DEBW at the same depth (Middag et al., 2009) . Ba and Al data of the DMBW scatter close to the regression line of the extrapolated Amundsen AIDW ( fig. 6a ). Si is higher by about 0.8 to 1.4 µM compared with the Amundsen DEBW and has a maximum in concentration at 2500 m depth (Middag et al., 2009) (fig. 10b ). There is no sample for Ba between 2000 m and 3000 m depth but Ba also shows decreasing concentrations towards the bottom of the Makarov Basin ( fig. 10b) . At the same time, Ba concentrations in the deepest samples over the Alpha and Mendeleyev Ridges (2000 and 2200 m) are higher than at corresponding depths in the Makarov Basin ( fig. 10a) . We hypothesize that crossing the Mendeleyev and Alpha Ridges similar to Si a higher load of Ba is transported into the DMBW. We thus predict a similar maximum in Ba at 2500 m which could be confirmed by Ba measurements at the depth of the Si maximum. Bauch et al. (1995) have shown the East Siberian Sea to be an important source to the DMBW. They have shown that freshwater content in all Arctic bottom waters is about 5 ‰ but riverine water is 2 ‰ in the DMBW while it is only 1 ‰ in the DEBW. Wilson and Wallace (1990) calculated the Canadian shelf water contribution to deep water of the Canada Basin by using NO/PO ratios finding 7 to 11 % and Östlund et al. (1987) found 10 to 15 %. Because these calculations strongly depend on uptake and mineralization of nitrate and phosphate following Redfield ratios they have to be taken with care. Canadian Shelf water, water from the East Siberian Sea, as well as the deepest water from the Alpha and Mendeleyev Ridges is enhanced in Ba and Si and thus can not be responsible for the concentrations of Ba and Si in the DMBW, decreasing with depth below about 2500 m. Because the only waters with lower concentrations of Ba, Al, and Si are found in the Eurasian AIDW, we conclude analogous to Middag et al. (2009) that the DMBW is diluted by the Amundsen AIDW. That water crosses the Lomonosov Ridge below 2000 m from the Amundsen Basin in the ridge's mid-range (Jones et al., 1995) (fig. 9b ) and should be sinking because it is denser than the Makarov Basin water of the same depth, thus diluting the DMBW (Jones et al., 1995; Middag et al., 2009; Timmermans et al., 2005) .
Conclusions
Cycling of Ba in intermediate waters. The distribution of Ba, Al and Si in the Nansen AIDW clearly shows the dominating influence of the Atlantic water inflow. In the Nansen AIDW north of Severnaya Zemlya the influence of lower halocline water from the Barents Sea is shown by slightly higher Ba:Al and Ba:Si ratios. The outflow of the Barents Sea branch of the lower halocline water is located here, seen in the Theta-Splot and the Ba:Al and Ba:Si ratios. These ratios are found again in the Amundsen and Gakkel AIDW. In the Amundsen and the Gakkel AIDW the circulation returns towards the Fram Strait Rudels et al., 1994) . The Makarov AIDW shows influence of water from the East Siberian Sea and Pacific water Jones et al., 1995) . In the southernmost stations on the Canadian side covered by our expedition we see waters highly enhanced in Si, especially ALW overlying the Alpha Ridge, which is part of the Beaufort Gyre.
Cycling of Ba in bottom waters. The data of Ba, Al and Si clearly show dissolution processes of shelf-derived particles in the sampled deep waters. This is especially obvious north of Severnaya Zemlya where higher Ba:Si and Al:Si regression slopes point to particle-loaded dense water from the Barents Sea convecting downwards into the DEBW (Moran and Moore, 1991; Rudels et al., 2000) . The location of this convection is given by Rudels et al. (2000) and cannot be distinguished from our elemental ratios. Clearly, dissolution of particles sinking from surface water and derived from the shelves both contribute to the enrichment of Ba in deep waters observed in the model of Taylor et al. (2003) . On the other hand, correlations between Ba and silicate suggest that Ba has to be seen as a semi-conservative tracer at best. Furthermore our results support the hypothesis by Middag et al. (2009) following Jones et al. (1995) (see table 2 for respective eqns.) and b) Ba vs. Si (see table 3 for respective eqns.). Station 285 is positioned at the Kara Sea edge of section C where the Barents Sea branch of the lower halocline leaves the shelf. (see table 3 for respective eqns.). Station 285 is positioned at the Kara Sea edge of section C where the Barents Sea branch of the lower halocline leaves the shelf. 
